Anthropogenic soil contamination with heavy metals has received much attention in recent years, especially cadmium (Cd), which is a very toxic element for human health and is exposure is mainly through contaminated food. Maize (Zea mays L.) is one of the most important cereals in the human diet that is characterized as species whose cultivars differ in Cd accumulation. Therefore, identifying and selecting low Cd-accumulating genetic material will contribute to reducing its ingestion. Among the agricultural crops that are important for Cd in the human diet is maize. Cadmium contents in three maize cultivars were grown under different environments conditions in Chile where soils were enriched with increasing Cd rates, were evaluated. Grain yield, Cd concentration in different plant tissues, and soil post-harvest, were evaluated. Results showed that grain yield was not affected by soil Cd; however, plant tissues generally exhibited differences in Cd concentration associated with the environment, La Serena showed the highest grain Cd accumulation (30 µg kg -1 ; P < 0.05). In addition, among cultivars, Pioneer showed the highest grain Cd concentration (19.5 µg kg -1 ; P < 0.05). Grain Cd concentration of the three maize cultivars were within the range cited in the bibliography as not toxic.
Introduction
There is a growing concern regarding food security because of environmental pollution. Anthropogenic soil contamination by heavy metals has been produced mainly by industry or agriculture, e.g., foundries, metalliferous mine waste, pesticides, fertilizers, and municipal organic waste (Siebers et al., 2014) .
Cadmium is one of the heavy metals that is usually found in low concentrations in the soil (Rothbaum et al 1986; Quezada-Hinojosa et al., 2015; Seshadri et al., 2015) . It is toxic for living organisms and carcinogenic for human beings (Liu et al., 2015; Seshadri et al., 2015) . Although it is not an essential plant nutrient, Cd can be absorbed in larger quantities than other elements, such as cobalt and nickel, with no adverse effects on growth (Eshghi and Ranjbar, 2014; Seshadri et al., 2015) . Cadmium also interacts with the metabolism of three essential metals: Ca, Zn, and Fe, generating their low intake by means of substitution and increase of competitive mobility with other elements (Goyer, 1997; Mora et al., 2016) . The human body can absorb Cd through food, especially leaves and grains, water, or air: it accumulates and persists for a long time causing health problems (Liu et al., 2015) . The World Health Organization (WHO) has considered a daily Cd intake of 0.83 μg kg -1 body weight or 58.1 μg Cd per person as toxic for human beings (WHO, 2010) . Cadmium accumulates in the liver and kidneys and has a long biological half-life of 17 to 30 y in humans. Its toxicity involves two organ systems, kidney and skeleton, and is largely the result of interactions between Cd and essential metals, particularly generating low Ca intake (Goyer, 1997) . The
European Union has identified maximum Cd concentrations of some agricultural products as 50, 100, 200, and 200 μg kg -1 for fruit, root vegetables, wheat, and lettuce, respectively (Berg and Litcht, 2002) .
Crop and cultivar species differ widely in their ability to absorb, accumulate, and tolerate Cd (Yang et al., 2014) . Among the agricultural crops that are important for Cd in the human diet are, durum wheat (Triticum turgidum L. var. durum), maize (Zea mays L.), wheat (Triticum aestivum L.), oat (Avena sativa L.), barley (Hordeum vulgare L.), rice (Oryza sativa L.), and pea (Pisum sativum L.); these have exhibited Cd concentrations over the limits permitted for human health (Fahad et al., 2015; Quezada-Hinojosa et al., 2015) .
The amount of soil Cd mainly depends on its origin, and physical and chemical properties, such as clay, acidity, salinity, Zn, and organic matter (OM) content.
Phosphorus and N fertilization, organic amendment applications, exposure to contamination sources, crop rotation, and management practices are the main sources of increased soil Cd content (Siebers et al., 2014) . As for the soil Cd concentration considered as a risk, various authors point out that the value ranges from 0.8 to 1.0 mg Cd kg -1 (Quezada-Hinojosa et al., 2015) . A similar value is indicated by Segura et al. (2006) for soils in Chile.
Another factor affecting both Cd availability and uptake by plants is root exudation of organic acids, such as citrate and malate (Adeniji et al., 2010; Seshadri et al., 2015) . White lupin (Lupinus albus L.) is defined as a species that exudes elevated levels of organic acids that can increase soil Cd availability, but restricts Cd transport from the roots to the stems and grains (Tejo et al., 2016) .
Given that the world population and its demand for food is increasing over time (FAO, 2015) , a larger area is needed for agricultural use. Some of the available soils could have total Cd concentrations close to or greater than the 1 mg kg -1 critical level; this will require species and cultivars exhibiting lower Cd accumulation and translocation. To contribute in providing maize cultivars that exhibit low Cd accumulation in both grain and straw, the objective of the present study was to evaluate the response of three maize cultivars grown with increasing Cd rates in three different agroclimatic zones of Chile.
Materials and Methods

Climatic and soil characteristics of each environment
The environments in which the field experiments were conducted, located in three contrasting agro- 
Agronomic management of the experiment
Agronomic management practices were standardized for all the environments using Chilean norms for this crop. The N, P, and K fertilization rates were 360, 120, and 120 kg ha -1
, respectively, and fertilizer sources were urea, triple superphosphate, and potassium chloride. Nitrogen was applied 30% and 70% at sowing and the sixth leaf stage, respectively. Both P and K were applied 100% at sowing. 
Grain yield, and Cd analysis in soil and plant tissue
When grains reached 15% moisture content, the crop was harvested and GY determined. Samples of plants with roots were collected from 1.0 m2 in each experimental plot; these were then separated into grain, straw, and root. The separated samples were washed with distilled water and oven-dried at 70 ºC for 72 h.
At the end of the experiment, 10 soil samples were collected from each plot at the 0 -0.2 and 0.2 -0.4 m depths; these were air-dried and passed through a 2 mm sieve to determine total Cd.
Statistical analysis
A split-split-plot experimental design was used where main plot was environment (3), split plots were Cd rates (3), and split-split-plots were maize cultivars (3); each treatment was triplicated.
The results were analyzed by ANOVA. A mean separation test was then performed (Tukey, P = 0.05) using the SAS general model procedure (SAS Institute, 1989) .
Results
Grain yield fluctuated between 5.5 and 15.5 Mg ha -1 ; the highest value was obtained in La Serena followed by Chillán and both had higher GY than Los Tilos.
Grain yield was affected only by environment (P < 0.05, Figure 1 ) and by the interaction between the Cd rate and maize cultivars (P < 0.05, Table 3 ), while the Cd rate, cultivars, and resulting interactions with environments did not affect this parameter (Table 3 ). (Table 3) .
When comparing environments for the first soil layer these values were also significantly higher (p < 0.05) than in Chillán where total Cd concentration was 0.81 mg kg -1 (Table 3 and Figure 3a ). Different Cd rates (Table 3 and Figure 3b ) showed that total soil
Cd concentration was significantly equal for the two applied Cd rates (2 and 1 mg kg -1 CdCl 2 ) (P > 0.05) whose values were 2.13 and 1.48 mg kg -1 , respectively, while the control value (0.5 mg kg -1 Cd) was only significantly different at the highest Cd rate (P < 0.05) (Figure 3b ). 
Discussion
Maize grain yields (GY) obtained in La Serena and Chillán ( Figure 1 ) were similar to GY found by other authors for this species under adequate agronomic management conditions. However, GY obtained in Los Tilos was lower than the value recorded by these authors and lower than expected in the study area (Liu et al., 2013; Shah et al., 2016) . The limitations of GY for this environment are mainly due to the lack of heat accumulation during the development period (Table 1) ; this coincides with findings described by Liu et al. (2013) who observed a significant correlation between GY and mean temperature and accumulation of degree-days.
Maize grain Cd concentration (Figures 2a, 2b, 2c) showed values within the range cited by Yang et al. that maize grain Cd concentration is below the detection limit of 0.002 mg kg -1 (Wahsha et al., 2014) .
Therefore, the low grain Cd accumulation could be due to several factors: 1) uptake and translocation limitations generated in the root (Adeniji et al., 2010; Yang et al., 2014) , which suggests that maize plants appear to have more efficient defence mechanisms than other crops to deal with Cd toxicity, including its accumulation in the root (Adeniji et al., 2010) ; 2) soil available Zn concentration since Zn is an antagonist to plant Cd uptake (Tanwir et al., 2015) ; and 3) low Cd concentration could be attributable to the high agronomic efficiency of nutrient use (kg DM produced per kg of applied nutrient) obtained in this experiment (data not shown) compared with other studies cited in the literature, which implied an overall nutrient dilution effect (Fahad et al., 2015) . However, applying increasing Cd rates produced an increase of more than 100% in maize grain Cd accumulation when compared with the control with no applied Cd (Arduini et al., 2014; Yang et al., 2014) . Although differences among environments were found in the controls, this fact could be related to the initial total soil Cd concentration (Table 2) ; this has been reported by numerous authors (Degryse et al., 2009; Yang et al., 2014) . On the other hand, differences in grain Cd concentration detected among environments could be due to higher mineral use efficiency (Arduini et al., 2014 Wahsha et al. (2014) , which was probably due to the initial soil Cd concentration as indicated by Putwatana et al. (2015) . Maize straw
Cd concentration for the mean of cultivars was also higher than those mentioned by Wahsha et al. (2014) ;
however, Cd was applied in two of the three treatments in the present study, which could have affected the abovementioned mean concentration values (Putwatana et al., 2015; Yang et al., 2014) .
The highest root Cd concentration (mean of environments) was obtained in La Serena (Figure 2a ), which can be associated with the initial soil Cd concentration (Table 2 ) (Degryse et al., 2009) . Results at the other two environments (Los Tilos and Chillán) did not coincide with those found by other authors, who indicate that roots always exhibit higher Cd concentrations than other parts of the plant (Wahsha et al., 2014; Putwatana et al., 2015; Tanwir et al., 2015) ; this suggests that Cd distribution in the plant could be related to the cultivar (Yang et al., 2014) . Likewise, root Cd concentration in Los Tilos would have been expected to be higher than in Chillán (Figure 2a) because it was associated with higher soil Cd concentration (Table 2) . However, soluble Cd compounds could have been immobilized by increases in pH (Degryse et al., 2009) , especially in values higher than 8.2 such as those found in Los Tilos (Table 2 ). It has also been observed that roots can exude compounds that increase environment pH, decrease availability, and restrict Cd uptake (Tanwir et al., 2015) . On the contrary, another factor that would explain low Cd accumulation in Chillán for grain, stem, and root could be due to greater competition between the H + and Cd +2 cations in the uptake sites on the root surface (Larsson and Asp, 2013) . A directly proportional response was found between the applied Cd rate and root Cd concentration ( Figure 2b ); results were similar to those reported by Liu et al. (2013) , and values corresponded to an increase equivalent to 3.5 and 4.5 times compared with the control when applying 1 and 2 mg kg (Rothbaum et al., 1986; Quezada-Hinojosa et al., 2015) (Figures 3a, 3b, 3c) , and also similar to those cited by Segura et al. (2006) for different soils in
Chile. Values were lower at 1 mg kg -1
, which is identified as the critical soil Cd level (Quezada-Hinojosa et al., 2015) . When comparing environments, higher total Cd concentration was found in La Serena (Figure 3a) , which could be associated with its initial Cd content (Table 2 ) and available Zn concentration (Degryse et al., 2009; Fahad et al., 2015) . Even though initial soil total Cd concentration in La Serena was higher than in Los Tilos and Chillán (Table 2) , this order was not maintained when concentrations were analyzed at the end of crop growth (Figure 3a ). This situation could be explained by the formation of complexes between the metal and OM (Degryse et al., 2009 ); taking into account that Chillán had a higher OM concentration than the other environments, Cd availability is reduced (Table 2) . When comparing Los Tilos and La Serena, the former would also be influenced by higher OM content than La Serena, which would reduce Cd availability (Degryse et al., 2009) .
As expected, the Cd rate used was directly proportional to soil concentration (Figure 3b ), which coincides with findings reported in the literature (Arduini et al., 2014; Fahad et al., 2015) ; both applied CdCl 2 rates were higher than the critical threshold of this element in soils (1 mg kg -1 ). Regarding the maize cultivars under study, no effect was recorded on soil total Cd concentration ( Figure 3c ).
In general, the second soil layer (0.2 -0.4 m) exhibited a similar effect as the one found in the first soil layer when comparing environments and Cd rates. However, concentrations and the magnitude of the differences were lower (Figures 3a, 3b ). This effect could be attributable to the characteristics of this element in the soil, which is mainly located at the surface (Rothbaum et al., 1986) . When comparing the environments, the Cd concentration was higher in Los
Tilos than Chillán (Figure 3a) , unlike the result in the first soil layer. This could be due to the higher salinity found in Los Tilos (Table 2) .
Conclusions
Results show that the presence of Cd in the soil (base- ; P < 0.05), but in no case corresponded to the value considered as the limit (0.2 mg kg -1 ). Finally, once the maize was harvested, soil total Cd concentration depended on the environment and the Cd rate used, and higher accumulation occurred in the first soil layer.
